Introduction
The determination of mercury in aqueous samples has been widely investigated, given that mercury species can accumulate in biological systems and damage human tissues and organs. 1 Various techniques have been reported for mercury detection; these are classified into spectroscopic, radiochemical, and electrochemical methods. 2 The use of ion-selective electrodes (ISEs), one of the most useful electrochemical techniques, has many practical advantages, such as high selectivity, a fast response time, and ease of use. ISEs based on neutral organic carriers are well-established platforms for ion sensors, and ionophores are one of the key components that determine the detection ability. Also as in the case of many other ion sensors, attempts to realize the selective recognition of mercury ions have been focused on the development of diverse types of ionophores.
Since the first mercury-ISE, which was based on 1,4-dithia-12-crown-4, was reported by Lai et al., 3 several other ionophores have been synthesized and utilized for the selective detection of mercury ions. Crown ether functionalized compounds were considered to be representative ionophores, 4, 5 and Schiff bases, 6 thioureas, 7 thiols, 8 and calixarene derivatives 9, 10 were also tested for ISEs. Although these previous neutral-carrier-based ISEs were successful with respect to the selective detection of mercury ions, specifically Hg 2+ , it should also be noted that most of the studies were conducted under conditions where nitrate (NO3 -) was the predominant anionic species. This is ascribed, in part, to the low solubility of mercury species with counter anions other than nitrate. However, these are far from the conditions encountered in practical use. Sample matrices generally contain a considerable amount of Cl -, which readily associates with Hg 2+ to form a variety of species, such as HgCl4 2-, HgCl3 -, HgCl2, and HgCl + . 11 Therefore, it is highly probable that the concentration of Hg 2+ would be much lower than the total mercury content, and would also sensitively depend on the ionic content of the given sample following chemical equilibrium. That is why mercury ISEs optimized for nitrate-based electrolytes have limited practical applicability to mercury detection in real media, especially in Cl --rich media, such as biological samples and seawater.
In this study, we investigated the unique aspects of the characteristic potentiometric response of a neutral-carrier-based ISE membrane to mercury species in chloride media. To the best of our knowledge, there has been no report on a mercury-ISE working in the presence of aqueous Cl -at a realistic concentration.
There have been a few reports on the voltammetric determination of mercury in concentrated chloride media. 12, 13 In these voltammetric studies, the prevailing mercury species in the chloride media were the anionic complex HgCl4 2-, which was detected by electrochemical reduction to Hg 0 . More recently, in vivo mercury detection was demonstrated by using Hg 2+ -sensitive fluorescent dyes. 1 We employed a calixarene derivative as an ionophore in conventional liquid polymeric membranes to probe the potentiometric response of neutralcarrier-based ISEs to aqueous mercury species in the presence of a significant amount of Cl -.
Experimental
All reagents for casting membranes and solution preparations were purchased from Fluka, except for the ionophore L. An ionophore,
, was prepared by the reaction of p-tert-butylcalix [4] arene-(diaza-propylene)-crown ether, which was prepared by following a procedure previously reported, 14 with picolyl chloride (K2CO3, KI, acetonitrile). The product was purified by column chromatography (silica gel, CH2Cl2/MeOH). Yield: 52%. Figure 1 shows the structure of N,N¢-bis(pyridin-2-ylmethyl)-ptert-butylcalix [4] arene-diaza-crown (L). The azacrown ether unit located at the lower rim of calix [4] arene is well known to have selective ionophoric properties toward Hg 2+ . 14, 15 In fact, ISEs incorporating similar calixarene-based neutral carriers in liquid membranes have previously been examined for the determination of Hg 2+ in nitrate media.
Results and Discussion
9,10 Figure 2 shows the potentiometric response of L-based liquid membranes as a function of the concentration of mercury species. The electrolyte solution was a 0.05 M Tris-HCl buffer at pH 7.4, which provides a similar condition to that of biological samples, and is thus widely employed for testing conventional ion selective electrodes. The concentration of Cl -in this media was 0.05 M, and standard solutions containing mercury species were prepared from HgCl2. Due to the solubility of HgCl2 in water, the upper limit of the concentration was 0.01 M in the working curve. There are a few novel aspects to be noted regarding the response of an L-based membrane toward mercury species in aqueous chloride media.
First, the potentiometric curve exhibits a negative slope, which indicates that the membrane is responding to an anionic species. This behavior is not significantly affected by any of a variety of plasticizers. 
HgCl + + Cl -/ HgCl2 (aq.) K2 = 10 6.7 ,
In order to calculate the concentrations of every species at equilibrium, we set up two more equations from the mass balance:
[ (6) and evaluated the concentrations of mercury and chloride ions as well as that of their complexes. The effect of OH -may need to be considered, since it has a high association constant with Hg 2+ , and produces hydroxo-mercury complex species. However, at pH 7.4 the amount of OH -is relatively small compared to that Table 1 .
Since Hg 2+ has a large association constant with Cl -, the concentration of free Hg 2+ should be even lower than those of other mercury species. The dominant species is neutral HgCl2 (aq.), which constitutes around 66.7% of the total mercury species. The anionic chloro-mercury complexes, HgCl3
-and HgCl4 2-, constitute 27.7 and 5.6%, respectively. From these results, we assume that cationic mercury species, such as Hg 2+ and HgCl + , do not influence the potentiometric response of the membrane. In contrast, the anionic mercury species have an overwhelmingly strong interaction with the ionophores in the membrane, resulting in the negative slope seen in Fig. 2 . The amine groups in the lower rim of L are expected to be protonated at pH 7.4, and thus to probably provide anionic mercury species with binding sites. When the lipophilic salt potassium tetrakis(4-chlorophenyl)borate (KTpClPB) was added to the L-based membrane, the potentiometric curve was dramatically converted to one with a positive slope (supporting information). KTpClPB plays a role of providing a large amount of lipophilic anion, TpClPB -, which is a strong competitor of anionic mercury species. Hence, anionic mercury species have much less chance to interact with L. Since the association between L in the membrane and anionic mercury species in the aqueous phase is substantially suppressed by lipophilic anions in the membrane, the potentiometric response to cationic mercury species appears to produce positive slopes. Thus, this result experimentally supports that anionic mercury species can produce a potentiometric response in aqueous Cl --rich media. Another interesting aspect found from the potentiometric response is that the magnitude of the slope shown in Fig. 2 continuously changes and increases (negatively) from -28.6 to -90 mV/decade with increasing [HgCl2]0. In Fig. 2 , the slope of the potentiometric curve at [HgCl2]0 values between 10 -3 and 10 -4 M is -59 mV/decade, which corresponds to the typical Nernstian response to monovalent anionic species. At [HgCl2]0 values above 10 -4 M, the curve grows steeper, exhibiting a slope of -90 mV/decade, which is apparently super-Nernstian behavior. This apparent super-Nerntian behavior at a high concentrations is attributed to the contribution of the plasticizer, NPOE in this study (supporting information). We tested various plasticizers, such as benzyl ether, dibutyl phthalate, dioctyl phenylphosphonate, 5-phenyl-1-pentanol, tris(2-ethylhexyl)-phosphate, dibutyl sebacate, and NPOE, among which an NPOE-based ISE allowed the most stable and sensitive signals, while exhibiting a negative potentiometric response in the highconcentration region. This plasticizer effect can be corrected with a potentiometric curve obtained under identical conditions without ionophores-the blank curve. The corrected curve is displayed in Fig. 3 and used for a comparison with the calculated results.
The relationship between the membrane potential and the activity is conventionally expressed by the Nikolsky-Eisenman equation:
If we assume that HgCl3 -is the dominant ionic species and that HgCl4 2-acts as an interfering ion, Eq. (7) can be rewritten as follows:
where K corresponds to a selectivity factor between HgCl3 -and HgCl4 2-. The above equation, together with the concentrations of anionic mercury species from Table 1 , can provide a theoretical potentiometric response curve. Figure 3 shows a typical potentiometric curve assuming the selectivity coefficient is 0.01, which produces a best theoretical curve fit for experimental data. The slope of this curve continuously increases from -34 up to -54 mV/decade as [HgCl2]0 increases. This theoretical estimate is in a good accordance with the experimentally observed values. The continuous variation of the slope might be ascribed to the fact that the concentration of the interfering ion, HgCl4 2-in this case, keeps changing, which in turn changes the relative contribution of the interference to the membrane potential. Figure 1 shows that alkaline and alkaline earth metal ions elicit little potentiometric response from the membranes. In many cases, such metal ions do not seriously interfere with mercury ion detection using liquid membrane-based ISEs in nitrate media. [3] [4] [5] 10 Reportedly, the most severe interfering species is Ag + in nitrate media. 4, 9, 10 It should be noted that Ag + is not considered to be an interfering species in concentrated chloride media due to the low solubility of silver chloride. Therefore, the proposed ISE system for mercury detection in aqueous chloride media has many potential applications in real analysis free of interference from Ag + . Among the transition metal ions examined as potential interfering ions in this study, Cu 2+ and Cd 2+ ions exhibited notable potentiometric responses. It has been reported that a ptert-butylcalix [4] arene-aza-crown compound, the structure of which is very similar to that of the ionophore L, exhibits selective transport efficiencies decreasing in the sequence of Hg 2+ » Cu 2+ > Cd 2+ . 15 The overall potentiometric response to Cd 2+ is similar to that observed for the mercury species. 18 The small association constants for chloro-copper complexes allow Cu 2+ to remain as a free cationic species interacting with the ionophore, which leads to the positive slopes in the potentiometric curve. The decrease in the slope at high CuCl2 concentrations is attributed to an increase in the anionic CuCl3 -species.
Conclusions
We investigated the potentiometric response of a neutral-carrierbased liquid membrane to mercury species in aqueous Cl --rich media. Hg(II) ions in natural, more specifically, biological solutions are predominantly present in the form of anionic species, such as HgCl4 2-and HgCl3 -, due to high aqueous Clconcentrations. The employed ISE membrane exhibited negative potentiometric slopes in chloride media, which is dramatically different from the conventional responses of Hg 2+ -ISEs in nitrate media. The results obtained using the ISE system proposed in the present study confirmed this unique behavior, and showed that the experimental observation can be quantitatively reasoned on the basis of the aqueous solution equilibrium of the Hg 2+ ion. The facts demonstrated and verified by this study clearly suggested the important condition that must be considered in developing practical potentiometric mercury sensors that potentially operate in natural environments, particularly, in vivo potentiometric monitoring of mercury.
